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We firstly address the recent efforts on calculations of the next-to-leading order corrections to the
color-suppressed tree amplitude in QCD factorization method which may be essential to solve the
puzzles in B → pipi and piK decays. Then we discuss the polarization puzzles in B → φK∗ and ρK∗.
The impacts of the newly measured Bs− B¯s mixing and B
+
→ τ+ν on the CKM unitarity triangle
global fitting are mentioned. We also briefly review the recent measurements of the new resonances
at BaBar and Belle. Finally, some new results from hadron colliders, especially the b-flavored hadron
spectra, are discussed.
PACS numbers: 13.20.He,12.60.-i
INTRODUCTION
The study of B meson decays plays an important role in
determining the CP-violating parameters in the Standard
Model (SM) and discovering new physics in the flavor-
changing processes. In particular, B non-leptonic two-
body decays provide an abundant sources of information
about the CKM matrix. For example, the most promis-
ing measurement of sin 2β (α,β and γ are three angles in
the unitarity tri-angle) is from measurement of the time-
dependent CP-asymmetry in B0 → J/ΨKS. B → ππ,
ρπ and ρρ are also very important for determining sin 2α.
However, the theoretical calculation of these hadronic
decays suffers from the complicated strong interactions
which compromise the precision of the determination of
the CKM matrix elements from the experimental data.
Thus the higher order calculation of such decays are es-
sential for a better understanding of the CP violations.
Besides the non-leptonic decays, the new measure-
ments on Bs − B¯s mixing and B+ → τ+ν have a great
impact on constraining the unitarity tri-angle. Both of
two decay modes are also sensitive to new physics.
The B decays also offer us a good place to study the
strong interaction dynamics in heavy flavor systems. In
the abundant decay products of B mesons, experimen-
talists observed a lot of new hadron resonances at BaBar
and Belle. They are mainly excited (or exotic) charmed
mesons and charmonium states.
The excited B-mesons and b-baryons can be only stud-
ied at the hadron colliders. We will briefly review the
spectrum of the excited B mesons and b-flavored baryons
from the measurements at TEVATRON.
B → pipi AND piK PUZZLES
B → ππ and πK are the most popularly studied two-
body decay modes in B physics in addition to B →
J/ΨKS. The big experimental achievement is that the
direct CP asymmetries in these decays have been ob-
served. The latest world averages are[1]
ACP (π
+π−)|exp. = 0.38± 0.07,
ACP (π
+K−)|exp. = −0.095± 0.013, (1)
both of which are 5σ away from zero.
B → ππ are dominated by tree amplitudes. Due to the
isospin symmetry, the decay amplitudes of tree B → ππ
modes can be parameterized graphically as the following
A(π+π−) = Te−iγ + P,√
2A(π0π−) = (T + C)e−iγ , (2)
A(π0π0) = −Ce−iγ + P,
where T , C and P stand for the color-allowed, color-
suppressed tree amplitude and penguin amplitude re-
spectively. According to the naive factorization, the ra-
tios |C/T | and |P/T | are expected to be small. This
leads to that the Br(π0π−) is almost half of Br(π+π−),
and Br(π0π0) is very small. However, this expectation is
strongly against the experimental data[1]
106Br(π+π−)exp. = 5.16± 0.22,
106Br(π0π−)exp. = 5.7± 0.4, (3)
106Br(π0π0)exp. = 1.31± 0.21,
which requires |C/T | ≃ 0.7. It means that the color-
suppression is not valid any more.
For B → πK decays, the similar graphical parameter-
ization can be written as
A(π−K¯0) = P ′,√
2A(π0K−) = [P ′ + PEW ] + e−iγ [T ′ + C′],
A(π+K−) = P ′ + e−iγT ′, (4)
−
√
2A(π0K¯0) = [P ′ − PEW ]− e−iγC′,
in which penguin amplitude P ′ dominates compar-
ing with the color-allowed tree amplitude T ′, color-
suppressed tree amplitude C′ and the electro-weak pen-
guin PEW . ACP (π
+K−) ≃ ACP (π0K−) is expected if
2Br× 106 G4 Exp. ACP G4 Exp.
pi0pi− 5.6 5.7± 0.4 pi0pi− 0.00 0.04 ± 0.05
pi+pi− 5.7 5.16 ± 0.22 pi+pi− 0.04 0.38 ± 0.07
pi0pi0 0.81 1.31 ± 0.21 pi0pi0 −0.38 0.36 ± 0.33
pi−K¯0 22.6 23.1± 1.0 pi−K¯0 0.00 0.008 ± 0.0025
pi0K− 12.9 12.8± 0.6 pi0K− −0.05 0.047 ± 0.026
pi+K− 20.6 19.4± 0.6 pi+K− −0.02 −0.095 ± 0.013
pi0K¯0 9.1 10.0± 0.6 pi0K¯0 0.04 −0.12 ± 0.11
TABLE I: Predictions in QCDF with NLO HSI vs. experi-
mental data.
|C′/T ′| and |PEW /P ′| are small. However, the recent ex-
perimental data shows ACP (π
0K−) = 0.047 ± 0.026. It
requires either the enhancement in PEW or C′. The large
PEW scenario [3] seems to be going away with the new
experimental measurement of BR(πK). |C′/T ′| ≃ 1.1 is
needed to meet the data. So similar to the situation in
B → ππ, the color-suppression for C(′) is not valid any
more.
In QCD factorization, these color-suppressed ampli-
tudes are related to the QCD coefficient α2(M1M2). For
illustration[2],
α2(ππ) = 0.17rmLO − [0.17 + 0.08i ]V2 (5)
+
{
[0.18]LOHSI (default)
[0.46]LOHSI (S4)
The accidental cancellation between the leading order
(LO) and next-to-leading order (NLO) vertex corrections
(V2) makes the hard spectator interaction (HSI) very im-
portant. The NLO corrections to the HSI are recently
studied by Beneke, Jager and Yang[4, 5, 6]. In their
papers, the corrections from the two scale regions are
encoded into the jet function and hard coefficient respec-
tively, both of which enhance the color-suppressed am-
plitude effectively.
In Table I, the predictions in QCDF with NLO HSI in
a certain parameter setting (G4) is shown. The agree-
ment between the prediction and experimental data is
very good except for the direct CP asymmetries ACP .
It means that the strong phases still need further study.
Recently, the efforts towards the NLO corrections to the
imaginary part of the amplitude has started. In [7], the
next-next-to-leading order vertex corrections has been
considered.
B → V V AND POLARIZATION PUZZLES
B decays to two light vector mesons offers more abun-
dant observables than B → PP and PV since the final
vectors can be polarized both longitudinally and trans-
versely. The fact of the V −A dominance in the Standard
Model (SM) shows the hierarchy of the helicity ampli-
tudes for B → V V
A0 : A− : A+ = 1 :
Λ
mb
:
(
Λ
mb
)2
(6)
with simple estimation by the naive factorization. This
argument leads to the expectation that B → V V is domi-
nated by longitudinal polarization. However, experimen-
tally, such hierarchy is obeyed in the tree-dominated de-
cays (B → ρρ and ωρ), but violated in penguin domi-
nated B → φK∗ system[8]. This attracts a lot attentions
from the theorists. Many solutions are offered on the
table, such as new physics (scalar or tensor coupling), fi-
nal state interaction, charming penguin, the form-factor
tuning, large penguin annihilation etc[9].
The more puzzling case happens in B → ρK∗ system
which are penguin-dominated, in which both transverse
polarization is enhanced in B− → ρ−K¯∗0 but suppressed
in B¯− → ρ0K∗−[10].
Analogue to B → PP and PV , QCD factorization
formula for B → V V reads[11]
〈V1,hV2,h|Qi|B¯〉 = FB→V1,h T I,hi ∗ fhV2ΦhV2
+ T II,hi ∗ fBΦB ∗ fV1ΦV1 ∗ fhV2ΦhV2 +O(1/mb) . (7)
Also similar to B → PP and PV , the annihilation contri-
bution brings the large uncertainties to the QCD factor-
ization prediction in B → V V as well due to the severe
endpoint singularity. However, the penguin weak annihi-
lation in longitudinal helicity amplitude is predicted to be
small and with small uncertainty, perhaps due to an ac-
cidental cancellation; in negative-helicity amplitude, the
penguin weak annihilation could be very large. This leads
to two consequences:
1) For the tree-dominated decays which are dominated
by the longitudinal polarization, the penguin amplitude
gives small contribution to the branching ratios. As a
result, we could have a better determination of sin 2α or
α from B → ρρ than B → ππ and πρ.
2) For the penguin dominated decays, the negative-
helicity amplitude could be (need not to be) large. This
can be an solution for the B → φK∗ polarization puz-
zle. However, in this case, QCD factorization loses its
predictive power.
The decay amplitudes for B → ρK∗ system could be
parameterized graphically as Eq.(4) except for each am-
plitude replaced by the one noted by helicity. To ex-
plain the polarization fraction in B → ρK∗ system, we
need large electroweak penguin for negative-helicity am-
plitude. Such enhancement can be obtained if consider
the electromagnetic dipole operator in the effective weak
Hamiltonian
Heff = GF√
2
∑
p=u,c
λ(D)p
∑
a=−,+
Ca7γQ
a
7γ + . . . , (8)
Q∓7γ = −
em¯b
8π2
D¯σµν(1± γ5)Fµνb, (9)
3FIG. 1: Leading contributions to ∆αp∓
3,EW(V1V2) defined in
the text.
B− → K∗−ρ0 with ∆PEW without ∆PEW experiment
BrAv/10−6 4.5 5.4 < 6.1
fL / % 84 70 96
+6
−16
TABLE II: The enhanced electroweak penguin in B → V V .
where λ
(D)
p = VpbV
∗
pD. This effect is neglected in any
calculation of B → V V before [12]. In Figure 1, the small
virtuality of the photon can not be cancelled when the
final vector V2 is transversely polarized. This results in
the enhancement of the electorweak penguin in negative-
helicity amplitude
∆PEW(V1V2) ∝ −2αem
3π
C−7γ,eff
mBm¯b
m2V2
. (10)
In Table II, we can see this effect obviously where the
penguin amplitudes are extracted from the experimental
data.
In Table III, the predictions for B → φK∗ and ρK∗ by
QCD factorization are listed. (”αˆc−4 from data” means
the penguin of negative-helicity amplitude is extracted
from the experiments.) One can see that the predictions
agree with the experimental data very well. It reproduces
the polarization pattern of the penguin-dominated B →
V V decays as well.
Observable Theory Experiment
default αˆc−4 from data
BrAv/10−6 φK∗− 10.1+0.5
−0.5
+12.2
−7.1 10.4
+0.5
−0.5
+5.2
−3.9 9.7 ± 1.5
φK¯∗0 9.3+0.5
−0.5
+11.4
−6.5 9.6
+0.5
−0.5
+4.7
−3.6 9.5 ± 0.8
K¯∗0ρ− 5.9+0.3−0.3
+6.9
−3.7 5.8
+0.3
−0.3
+3.1
−1.9 9.2 ± 1.5
K∗−ρ0 4.5+1.5
−1.3
+3.0
−1.4 4.5
+1.5
−1.3
+1.8
−1.0 < 6.1
fL/% φK
∗− 45+0
−0
+58
−36 44
+0
−0
+23
−23 50± 7
φK¯∗0 44+0−0
+59
−36 43
+0
−0
+23
−23 49± 3
K¯∗0ρ− 56+0
−0
+48
−30 57
+0
−0
+21
−18 48.0 ± 8.0
K∗−ρ0 84+2
−3
+16
−25 85
+2
−3
+9
−11 96
+6
−16
TABLE III: QCD factorization predictions for B → φK∗ and
ρK∗ vs. experimental data.
Bs − B¯s MIXING AND B
+
→ τ+ν
CDF and D0 have measured the Bs − B¯s oscillation
frequency [13]. We get the average of
∆ms = (17.77± 0.10± 0.09)ps−1
Comparing with Bd − B¯d mixing[1]
∆md = (0.507± 0.004)ps−1,
we can set the bound for
|Vtd/Vts| = 0.206± 0.008.
Consequently,
γ = (66± 6)◦.
Belle has declared the evidence for purely leptonic de-
cays B− → τ−ν¯[14]. Combined with BaBar’s bound[15],
the HFAG average is given[1].
Br(τ−ν¯) =


(88± 68± 11)× 10−6 BaBar
(176+56+46−49−51)× 10−6 Belle
(132± 49)× 10−6 HFAG Average
In the SM, the branching ratio of B− → τ−ν¯ can be
written as
BR(B− → τ−ν¯)SM = G
2
FmBm
2
τ
8π
(
1− m
2
τ
m2B
)2
×f2B|Vub|2τB. (11)
Thus with the theoretical input for B meson decay con-
stant fB, we can set the bound for |Vub|. Figure 2 shows
the impact of such bound on the ρ¯− η¯ plane. Combined
with the results of Bs − B¯s mixing, the constraints of
ρ¯− η¯ plane is shown in Figure 3. Such constrained area
is consistent with the global fitting (see Figure 3)[16].
If we consider the physics beyond the SM, the charged
higgs can also contribute to B− → τ−ν¯.
BR(B− → τ−ν¯)
BR(B− → τ−ν¯)SM =
(
1− m
2
B
m2H
tan2 β
)2
. (12)
This allows us to set the bound the on tanβ/mH . Com-
bining with the results from B → Xsγ, the constraints
on tanβ −mH is given in Figure 5[17].
NEW HADRONIC RESONANCES AT BABAR
AND BELLE
At BaBar and Belle, many new hadronic resonances
are observed. We list them below.
1) D∗s,J(2860):
BaBar measured e+e− → (DK)X , and found DK reso-
nance at mass mDK = 2856.6± 1.5 ± 5.0 MeV/c2 with
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FIG. 2: Constraints for ρ¯− η¯ plane from B+ → τ+ν.
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FIG. 3: Combined constraints for ρ¯− η¯ plane from B+ → τ+ν
and Bs − B¯s mixing.
the decay width Γ = 47± 7 ± 10 MeV. This could be a
radial excitation of D∗s0(2317).
2) DsJ (2700):
In the above analysis, BaBar also found another DK
resonance X(2690) at m = (2688± 4 ± 3) MeV/c2 with
the decay width Γ = (112± 7± 36)MeV. Belle confirmed
this state DsJ(2700) in B
+ → D¯0D0K+ in which D0K+
invariant mass peaks at m = (2715±11+11−14)MeV/c2 with
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FIG. 4: Global fitting for ρ¯− η¯ plane.
FIG. 5: The constraints of tanβ −mH from B decays.
the decay width Γ = (115± 20+36−32)MeV.
3) X(3940), Y (3940) and Z(3930) (cc¯ mesons):
Belle observed the X(3940) resonance in
e+e− → J/ΨX(3940) : m = (3943± 6± 6)MeV/c
2
Γ = (15.4± 10.1)MeV
X(3940) could be the radially excited charmonium
ηc(3s)[3
1S0].
Belle also found that in B → J/ΨωK, J/Ψω invariant
mass peaks at
Y (3940) :
m = (3943± 11± 13)MeV/c2
Γ = (87± 22± 26)MeV
Y (3940) could be χ′c1[2
3P1].
In γγ → DD¯, DD¯ invariant mass peaks at
Z(3930) :
m = (3929± 5± 2)MeV/c2
Γ = (29± 10± 2)MeV (13)
Z(3930) could be χ′c2[2
3P2].
4) X(3872):
Belle found this resonance in
B± → X(3872)K±
→֒ J/Ψππ
J/Ψππ invariant mass peaks at m = (3871.81 ±
0.36)MeV/c2 with narrow decay width Γ < 2.3MeV.
5) Y (4260):
BaBar observed this resonance in e+e− →
γisr(J/Ψπ
+π−) (isr for initial state radi-
ated). The J/Ψππ invariant mass peaks at
5B01 B
∗0
2
CDF 5734± 3± 2 5738 ± 5± 1
D0 5720.8 ± 2.5± 5.3 5746 ± 2.4± 5.4
Bs1 B
∗0
s2
CDF 5829.4 ± 0.2± 0.6 5839.6 ± 0.4± 0.5
D0 5839.1 ± 1.4± 1.5
TABLE IV: Exited B meson spectra.
m = (4295 ± 10+10− 3)MeV/c2 with the decay width
Γ = (88± 23)MeV. It is confirmed by Belle and CLEO.
Belle :
m = (4295± 10+10− 3)MeV/c2
Γ = (133+26+13−22− 6)MeV
CLEO : m = (4283+17−16 ± 4)MeV/c2
b-FLAVORED HADRON SPECTRUM
B factories are unable to produce the heavy b-flavored
hadrons such as Bs, excited B mesons, and b-baryons.
These hadronic states can only be accessible at the
hadron colliders.
We collect the recent measurements from TEVATRON
on the spectra of b-flavored baryons as the following[18]:
m(Λb) = 5619.7± 1.2 MeV
m(Σ−b ) = 5815.2
+1.0
−1.9 ± 1.7 MeV
m(Σ+b ) = 5807.5
+1.9
−2.2 ± 1.7 MeV
m(Σ∗−b ) = 5836.7
+2.0+1.8
−2.3−1.7 MeV
m(Σ∗+b ) = 5829.0
+1.6+1.7
−1.7−1.8 MeV
m(Ξ−b ) = (5774± 11± 15) MeV
The status of the excited L = 1, jp = 3/2+ B mesons
(BJ , BsJ ) masses (MeV) are listed in Table IV.
CONCLUSION
Almost 30 years after the discovery of b quark, and 7
years B factories running, B physics has entered a pre-
cision test era. The higher order theoretical calculations
are essential to explain the more and more accurate ex-
perimental data, especially the data for non-leptonic de-
cays. This does not only require the straight-forward but
tough computation but also developing new theoretical
concepts in heavy flavor physics.
For the theoretically clean decays, the new experimen-
tal measurements shed a light on the precision test of the
SM and the door towards new physics.
B factories are also good places to find charmed mesons
and charmonium states. The recently observed new
mesons properties still need further theoretical study.
LHC will run in next year, B physics will enter a new
era. We can fully explore all the b-flavored hadrons and
their decays. Theorists will find more interesting subjects
there.
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